Abstract: This study is based on the purpose of obtaining high yields of liquid product by subjecting the oil shale sample taken from one of our country's important oil shale deposits and polypropylene (PP) mixtures to co-pyrolysis process. In this study, the oil shale sample and the polypropylene were firstly subjected to pyrolysis process, and then the mixture obtained by mixing of these at certain ratios was subjected to pyrolysis process. Pyrolysis experiments were performed at three different mixture ratios of 33%, 50% and 67% PP in the mixture, and in the temperature range of 600 -800 °C. The gas, liquid, and solid product yields obtained as a result of the experiments were calculated, and the effect of PP which was added to oil shale and the changed pyrolysis temperature on the yield of liquid product was examined. As a result of the experiments, the highest liquid product yield was achieved in the mixture ratio containing 67% PP at 800 °C. Various catalysts were added to the medium in which the highest liquid product yield was achieved, and the effect of catalysts on the liquid product yield obtained from pyrolysis was examined. The structure of the obtained liquid products was investigated by various spectroscopic methods such as GC-MS and FTIR, and the effects of experimental conditions on the structure of the liquid product were analyzed. Consequently, a noticeable synergistic effect was observed in the yield of the liquid product which was obtained as a result of the co-pyrolysis of PP and oil shale, and this effect further increased with the catalyst added to the medium. The results in this study also showed that co-pyrolysis of oil shale with PP could be an environmentally friendly method for the conversion of hazardous waste into valuable chemicals and fuels.
INTRODUCTION
The increasing energy and petroleum need has pushed researchers towards studies related to sustainable energy technologies. On the other hand, a rapid decrease in energy resources such as petrol and natural gas has made making use of asphaltite, oil shales, and especially coal as the potential energy and chemical raw material resources of the future a current issue again.
Oil shales take the second place in terms of reserve compared to other resources such as petrol, coal and natural gas [1] .
Oil shale is defined as a sedimentary rock which contains an organic substance called kerogen, a fine-grained, lamellar structure [2] . Kerogen has a high hydrogen/carbon ratio that provides superior potential use as a liquid fuel source than coal or heavy oil. Oil shale is usually used as a fuel, solvent, and chemical resource after a thermal conversion process [3, 4] .
Oil shale is the second largest fossil fuel after lignite in Turkey and has a significant value in the country's economy [5] . Göynük and Seyitömer oil shales have the largest share in the distribution of oil shale deposits according to reserve status. Since the kerogen in the oil shale structure is rich in hydrogen, the ratio of giving a distillable liquid and gas yield is greater than coal when it is subjected to heat treatment. However, it is not possible to make use of these resources by burning them as in the coal. Because during burning, some portion of the rapid decay products occurring in the organic structure at temperatures reaching up to 450 ˚C are released with combustion gases without finding an opportunity to burn. Therefore, making use of it by burning is not approved in terms of environmental pollution. Based on this aspect, pyrolysis method can be used in making use of oil shales which are the most important fossil resources that can be considered after coal. Pyrolysis process can be defined as the conversion process of oil shales into liquid and gas products by subjecting to thermal degradation in an inert medium.
In the studies carried out in recent years, it has been determined that the liquid and gas product yield obtained by subjecting coals through mixing with polymers to processes such as co-pyrolysis, extraction, and gasification is higher than the products obtained by singly subjecting both coal and polymers to these processes, and the distribution of products has far more superior characteristics in the co-pyrolysis process in terms of quality [6] [7] [8] . During the co-pyrolysis of coal with polymers, radicals formed at high temperatures are saturated with hydrogen, released from the polymers, increasing the liquid yield [9] . Thus, it was revealed that a synergistic effect appeared during the co-pyrolysis of polymers with coal, and the polymers served as a hydrogen source [10, 11] .
In the co-pyrolysis process, plastic wastes are the main polymer sources to be processed with coal. All over the world, plastics are the indispensable material of the future which are used as an alternative material instead of materials such as glass, metal, rubber, wood, inorganic substances, or together with these materials. The fact that it is economic and easily applicable is rapidly increasing the plastic consumption compared to other materials. The increasing use of plastics leads to an increase in plastic wastes, as well; and this situation emerges as a major environmental problem that needs to be solved. Plastic wastes are disposed by waste burial and waste incineration or utilized by using various recycling techniques. Pyrolysis, one of the methods of recycling plastics, is the most advantageous method from many aspects. Plastic wastes are converted into energy and chemical raw materials by pyrolysis.
Plastics are named in several ways depending on the type of the polymer used in production.
Some types of plastic which are commonly used can be listed as polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyamide (PA), polyester, polyvinyl chloride (PVC), and polyurethane. When the plastic demands of 2010 in the world and Turkey are analyzed, it is seen that PE and PP have the largest share [12, 13] .
In this study, the effect of co-pyrolysis of Göynük oil shale with polypropylene waste was investigated with the aim of understanding its effect of liquid formation and fuel or raw material characteristics. In the experiments, the oil shale and polypropylene mixtures were subjected to pyrolysis process at different temperatures, and the gas, liquid and solid (residual coke) yields obtained at each temperature were determined. The effect of experimental conditions and catalysts on yields was investigated by using different catalysts such as bentonite, zeolite, and red mud under optimum conditions specified. This study is significant in terms of use co-pyrolysis of oil shale and PP with catalyst to obtain the liquid products with high heating value. An attempt to investigate the structure of the obtained liquid products was made by various spectroscopic methods such as GC-MS and FTIR.
MATERIALS AND METHODS
Oil shale sample was obtained from Bolu-Göynük located in Turkey. Pretreatments of samples were carried out before the experiments. The samples were ground to obtain the desired particle size of 1-2 mm and were subsequently dried at 105°C for 24 h. Polypropylene (PP) was provided from the Özuğur-Akçim Plastic Company (Izmir, Turkey). Elemental analysis and higher heating value (HHV) of the oil shale and PP were performed with an elemental analyzer (LECO 932 CHNS elemental analyzer) and bomb calorimeter (Parr 6200 calorimeter). The characteristics of the samples are given in Table 1 . Characterization of products GC-MS analysis for liquid samples (tar) were performed using an AGILENT 6890 Model gas chromatograph coupled to a HP 5973 mass selective quadrupole detector using a 50 m ×0.32 mm × 0.52 mm capillary column. Chromatographic peaks were identified by means of NIST mass spectral data library and from their retention times using standard compound when available. The percentages of the peaks were calculated from the TIC (total ion chromatogram) peak area. FTIR spectra of the liquid samples as KBr disks of the samples were recorded by a MATTSON 1000 Model FTIR spectrometer.
Pyrolysis procedure
All pyrolysis experiments were performed in a fixed bed pyrolysis system shown schematically in Figure 1 [7] . Oil shale and PP were firstly pyrolyzed, then oil shale and PP mixtures in weight percent of 33% (wt), 50%(wt) and of 67% (wt) of polymer were co-pyrolyzed at temperatures between 600°C and 800°C. Oil shale and PP were mixed together in weight percent of 33 wt% In a typical run, the sample was placed in a stainless steel reactor. The reactor was heated by an electrical furnace in which the temperature was measured by a thermocouple inside the reactor. The air of the reactor was removed with nitrogen flow of 30 mL min -1 and reactor was heated to a desired temperature with a heating rate of 10 °C min -1 . The outlet of the reactor is connected to a round-bottomed flask with a reflux condenser where condensation of the pyrolyzate occurred. The reaction products are classified into three groups: gas, liquid hydrocarbons (tar) and residual coke. The yield of tar collected in the round-bottomed flask, and the yield of residual coke as the char remaining inside the reactor after the experiment were calculated. The gas products collected by a receiver vessel connected to the end of the reflux condenser.
RESULTS and DISCUSSION

Product yields
It is known that temperature has a significant effect on the yield of pyrolysis products [14] [15] [16] .
The changes in product yields with temperature (600 °C, 700 °C and 800 °C) during the copyrolysis of PP and oil shale are given in Figure 2 . As seen in the figure, the highest liquid yield was found to be 36.5% at the mixture ratio of 67% and at 800°C. The use of sweeping gas in the pyrolysis processes provides an inert atmosphere and helps to prevent secondary cracking reactions by removing the hydrocarbon vapors formed in during pyrolysis, and leads to an increase in the yield of the liquid product [17] . In pyrolysis processes performed at different mixture ratios and temperatures, a decrease was observed in the yield of the solid product although an increase was observed in the yields of liquid and gas products. This situation can be explained by the fact that the bonds in the structure of samples are easily broken along with the effect of increasing temperature, and this affects the pyrolysis yield positively.
According to the co-pyrolysis results, higher ratios of liquid and gas product yields were obtained when compared to the values of oil shale yields. It is considered that an increase was observed in the liquid yield by bringing free radicals that formed during pyrolysis into steady state and by reducing the crosslinks in the structure of the polymer and oil shale. The crosslinks in the both of sample mixtures structures can be broken by effect of the increasing temperature. However, the amount of hydrogen in the oil shale structure is not sufficient to stabilize the radicals. Therefore, hydrogen should be directly provided to pyrolysis medium or the oil shale should be co-pyrolyzed with the compounds containing abundant hydrogen in their structure [18, 19] . The main reason for choosing PP as the second component in the copyrolysis process is the fact that it is an environmental waste and contains sufficient hydrogen to saturate the free radicals formed during the pyrolysis of the oil shale.
Conversion values (%) obtained by the addition of increasing PP ratios in the oil shale during the co-pyrolysis process and the changing with temperature are given in Figure 3 . As it is seen in the figure, the conversion values also increase with increasing PP content of the mixture and temperature. This is because, as it was explained previously, the bonds in the oil shale structure are broken with increasing the temperature. These radicals are stabilized by the hydrogen provided from polypropylene. As a consequence, the liquid product yield was increased, and the gas product yield was also increased by the disintegration of the products into smaller molecular products with the temperature increase. 
Catalyst effect
It is known that various catalysts have an effect on the rate of some complex reactions in the pyrolysis process. In this study, the effects of three different catalysts selected on the copyrolysis of oil shale-PP mixture were examined. The red mud obtained during the production of aluminum; bentonite which is abundant in our country and zeolite which is applied in various heterogeneous reactions were selected as the catalysts. The co-pyrolysis experiments with catalyst were carried out at the mixture ratio of 67% at 800°C in which the liquid product yield was the highest. The red mud, bentonite, and zeolite were separately added to mixtures at the ratios of 0.5%, 2%, and 4% by mass to further improve the liquid product yield. The change of the liquid, gas, and solid product yields with catalytic pyrolysis is shown in Figure 4 .
Any significant changes have been found when red mud is used as a catalyst (Figure 4 ). The surface area of red mud is smaller compared to other catalysts and therefore it does not interact sufficiently with the products during pyrolysis process. Although zeolite catalyst caused a decrease in the gas product yield, it did not cause a considerable change in the liquid product's yield. The solid product yield also increased. This is because more aromatic hydrocarbons are formed in zeolite which has greater pore opening, and the amount of residual coke increases because aromatic compounds are inclined to coke formation with hydrogen transfer and cyclization reactions [20] . It is seen that the highest liquid product yield was obtained in the pyrolysis experiments with 4% bentonite was used as a catalyst. The reason of increasing of liquid products is the catalytic effect of metal oxides in the structure of bentonite and the large pore structure of bentonite. 
Characterization of pyrolysis liquid
The liquid products which were obtained from the separate pyrolysis of oil shale and PP at 800°C, the pyrolysis of 67% mixture at the same temperature, and the pyrolysis made with the addition of 4% bentonite under these conditions were given in Table 2 . The substances detected in the GC-MS analysis are given as % peak area in the total chromatogram. GC-MS chromatograms of these products are shown in Figure S1 -S4. During the pyrolysis process, the organic structure lost their H atoms and alkane radicals were directly converted into alkene radicals. In the pyrolysis process performed at 800°C and at the mixture ratio of 67%, alkene content is decreased when compared to the pyrolysis of oil shale and PP. This can be explained by the fact that the bonds are easily broken with increasing temperature, and consequently, free H radicals' concentration in the medium reacts with alkenes and converted to alkanes [21] . The phenol and phenol derivatives which are formed in significant amounts in the oil shale pyrolysis are not formed in the pyrolysis of oil shale and PP mixtures. The formation of phenol and its derivatives lead to a decrease in liquid and gaseous products. This is an undesired event in the pyrolysis process [22] . When polypropylene is added to oil shale, phenolic structures converted to cyclohexene structure as a result of the ring hydrogenation.
This conversion is due to the hydrogen content in the PP structure. PP plays a role as the hydrogen donor for the oil shale under the experimental conditions studied. Although the addition of bentonite catalyst to co-pyrolysis medium under optimum conditions leads to an increase in the amount of alkane in the liquid product content, and it leads to a decrease in the amount of alkene. Figure 5 shows the FTIR spectrum for the liquid products obtained from the pyrolysis processes. In the spectrum of PP, the peaks observed between 2850-2956 cm -1 indicate the presence of aliphatic hydrocarbon compounds in the structure. In the spectrum of oil shale, the peaks observed around 3000 cm -1 and at 732 cm -1 indicate the presence of aromatic hydrocarbon groups. When GC-MS results are considered, especially the presence of the excessive amounts of phenol and benzene derivatives in the structure of oil shale supports this situation. In the spectrum obtained from the co-pyrolysis of oil shale and PP mixture, it was observed that the aromatic groups were decreased but the aliphatic groups were increased.
This also means that polypropylene served as the hydrogenation medium in the co-pyrolysis process [23] . The C-H stretching observed in the range of 2950-2850 cm HHV is one of the important parameters in determining the energy content of a fuel. The elemental analysis results showed that PP was better materials for producing fuels because of its high carbon and hydrogen contents and low oxygen content (Table 1) . Therefore, the addition of PP in the pyrolysis oil shale is expected to improve the calorific value of the liquid product. In present study, obtained liquid products from different mixture ratio at 800°C had HHV of 40.1 MJ/kg for the mixture ratio of 33%, 40.8 MJ/kg for the mixture ratio of 50% and 41.3 MJ/kg for the mixture ratio of 67%. HHV values of liquid products showed their potential as an alternative of conventional diesel. As shown in these results, the addition of PP in oil shale pyrolysis obviously contributed to the increase in HHV value of the liquid products. Figure 5 . FTIR spectra of the tars.
CONCLUSIONS
The aim of the study is co-pyrolysis of a Turkish oil shale with PP. The conversion of oil shale and PP mixture into liquid product and other valuable chemicals using pyrolysis process is getting significant attention both as waste management and alternative energy technology.
-As a result of the experiments, precious liquid products could be obtained and the use of polypropylene as a raw material to achieve liquid products.
-In the co-pyrolysis processes, the liquid products were obtained at higher yields than the pyrolysis of the oil shale alone. During the co-pyrolysis process, PP acted as a hydrogen source, and saturated the free radicals formed as a result of breaking the crosslinks and made positive contributions to the liquid product yield by creating a positive synergistic effect.
-In the co-pyrolysis process, although the alkene structures in the liquid product decreased, the alkane structures gradually increased. This situation indicated that the hydrogen which is released in the presence of PP caused to convert alkanes into alkenes.
-The catalysts such as bentonite, zeolite, and red mud were added to the medium to further increase the liquid product yield at the mixture ratio of 67% and this mixture is pyrolyzed at temperature of 800 °C. Bentonite caused to increase the liquid product yield better than the other catalysts.
-GC-MS spectra showed that the obtained liquid products were similar to fossil-based liquid fuels, and also different types of chemicals were obtained.
-FTIR spectra showed that the aliphatic groups are predominant in all liquid products. This situation is supported in all spectra with the stretching and bending vibrations of C-H bond.
